AIM: To assess the role of imaging in the early management of encephalitis and the agreement on findings in a well-defined cohort of suspected encephalitis cases enrolled in the Prospective Aetiological Study of Encephalitis conducted by the Health Protection Agency (now incorporated into Public Health England).
Introduction
The prodrome of encephalitis is often non-specific, making it clinically difficult at an early stage to distinguish from other neurological syndromes. Both infectious and immune-mediated pathogeneses must be considered. 1 Approximately one-third of cases are immune-mediated, most frequently acute disseminated encephalomyelitis (ADEM), but also antibody-associated encephalitides, such as N-methyl-D-aspartate receptor antibody (NMDAR antibody) and voltage-gated potassium channel-complex antibody (VGKC-complex antibody) encephalitis. 2e4 Despite over 100 recognised causes, most studies fail to identify an aetiology in the majority of suspected cases. 5 Management of acute encephalitis includes empirical initiation of antimicrobials. Following diagnostic investigations, these are rationalised and/or additional treatment instituted. Factors that complicate clinical decision making include falsely negative cerebrospinal fluid (CSF) polymerase chain reaction (PCR) results (particularly in herpes simplex virus [HSV] encephalitis) arising either from sampling too early or late or after institution of treatment; the availability of investigations; and lag time to results. 6 Neuroimaging has a critical role in the evaluation of such patients. It aids diagnosis of encephalitis aetiology as well as mimicker conditions; it identifies complications (such as intracranial mass effect); and it may help prognostication. In patients with low probability of HSV encephalitis, Tyler 7 suggested that magnetic resonance imaging (MRI) findings later in the illness along with other clinical parameters could guide halting acyclovir. This is now incorporated in UK guidelines. 8 Patterns of imaging abnormalities are described in cohorts of more common encephalitis aetiologies, such as HSV encephalitis. 9 In Japanese encephalitis, thalamic lesions on MRI are commonly seen, but the diagnosis is not excluded by their absence. 10 Most patients with autoimmune or paraneoplastic limbic encephalitis, for example, those associated with antibodies against the gamma-aminobutyric acid-B receptor (GABABR) or leucine-rich glioma inactivated protein 1 (LGI1), have an increased signal in the medial temporal lobes. The brain MRI is normal in approximately 60% of patients with anti-NMDAR encephalitis. 11 Very few studies have systematically investigated neuroimaging in all-cause encephalitis.
Research is needed to better define associations between neuroimaging results and specific encephalitis aetiologies.
The aim of the present study was to assess the role of imaging in the early management of encephalitis and agreement on scan interpretation in a well-defined series of suspected encephalitis cases enrolled in the Prospective Aetiological Study of Encephalitis conducted by the Health Protection Agency (now incorporated into Public Health England [PHE]).
Materials and methods
Specific details regarding the study have been published elsewhere. 12 Patients with suspected encephalitis were recruited over a 2-year period (staged start between October 2005 and November 2006) from 24 hospitals in three geographical areas of England. Detailed clinical information was collected and each patient underwent extensive laboratory investigation. The case definition for encephalitis included any person of any age admitted to hospital with encephalopathy (altered level of consciousness persisting >24 hours, including lethargy, irritability, or a change in personality and behaviour) and two or more of the following: fever or history of fever (38 C) during the presenting illness; seizures and/or focal neurological findings (with evidence of brain parenchyma involvement); CSF pleocytosis (>4 white blood cells/ml); electroencephalogram (EEG) findings compatible with encephalitis; abnormal results of neuroimaging (computed tomography [CT]/MRI) in keeping with encephalitis. Wherever possible, CT and MRI images were collected from each patient. This was only possible in a subset of recruiting centres due to practical complexities, including computer and software compatibility issues; however, all regions were represented. Available CT and MRI images were independently rated by three consultant neuroradiologists with expertise in reporting adult and paediatric neuroimaging. The raters were blinded to patient and clinical details and used a pre-defined proforma (see Electronic Supplementary Material), which included a checkboxed list of possible abnormalities.
Age, gender, and aetiology of patients with available CT and MRI images were compared to those in the entire PHE study cohort to assess sample representativeness. Differences in proportions were assessed by chi-squared or Fisher's exact test with a p-value of <0.05 considered statistically significant.
Intra-and interobserver agreement
Intra-observer agreement was measured using interclass correlation coefficient (ICC) for reliability (Winer reliability). 13 Interobserver agreement between neuroradiologists on the interpretation of images was measured using the kappa statistic. The following were considered: (1) whether the CT and MRI images were rated as normal or abnormal; (2) whether the scans fitted the diagnostic categories of ADEM, HSV encephalitis, normal, or "other" abnormalities. 'Other' abnormalities included those with another specific aetiology (e.g., non-encephalitis mimic) and those with a non-disease-specific scan abnormality; (3) 14 As a sensitivity analysis ICCs between observers were also calculated. 15 Sensitivity, specificity, and negative and positive predictive values
The sensitivity, specificity, negative predictive value (NPV), and positive predictive value (PPV) of CT and MRI for HSV and ADEM (the two groups with enough cases) was estimated. Ninety-five percent confidence intervals (95% CI) were calculated according to the efficient-score method corrected for continuity. 16, 17 A consensus result from the three raters was used for these purposes, i.e., if two raters recorded "looks like HSV" and one recorded "does not look like HSV", the consensus was "looks like HSV". PHE study "final diagnoses" were used as the reference standard. 1 HSV encephalitis diagnosis was defined as HSV DNA/antigen detected in any CSF/brain specimens or a HSV-specific intrathecal antibody response. 1 ADEM diagnosis was based on agreement reached by an expert multidisciplinary panel's assessment of the patient's clinical details accompanied by a MRI fulfilling the Schwarz ADEM criteria (i.e., one or multiple supra-or infratentorial demyelinating lesions and the absence of "black holes" on T1-weighted imaging). 1, 18 These analyses were repeated stratified by age (children <18 years; adults 18 years) and by time of scan in relation to onset of symptoms (Day 0e2; Day 3e10; after Day 10). The latter was restricted to HSV due to the smaller sample size of ADEM cases. The proportion of patients who had undergone CT within 24 hours of hospital admission (as recommended by the UK guidance) was calculated. 8 For the same patient, CT examinations were matched to any MRI examinations carried out within 24 hours of the CT examinations to assess any difference in techniques at identification of abnormality.
Descriptive features
The proportion of first scans with structural abnormalities from all-cause encephalitis was calculated for T2-weighted (TW2) imaging, fluid-attenuated inversion recovery (FLAIR), and diffusion-weighted imaging (DWI) MRI sequences, as was the proportion of scans with structural abnormalities from HSV and unknown encephalitis patients. The unknown group was included to assess whether any specific features were present on neuroimaging that might allude to a specific aetiology. The structures evaluated included grey matter, white matter, temporal lobe, frontal lobe, parietal lobe, occipital lobe, basal ganglia/thalami, brainstem, cerebellum, and limbic structures. These analyses were based on a consensus result from the three raters. 
Results

Description of data
Eighty-five CT examinations from 68 patients and 101 MRI examinations from 80 patients with suspected encephalitis were assessed. Fifty-one patients had both a CT and MRI examination carried out, whereas 46 underwent either CT or MRI but not both. Sixteen percent of patients had serial CT examinations, whereas 17% had serial MRI examinations. The aetiological and gender breakdown of patients for whom images were available was similar to that of the main PHE study cohort (n¼268; Table 1 
Intra-and interobserver agreement
Intra-observer reliability was good for both CT (0.85 both for binary and four-category outcomes) and MRI (0.81 and 0.72 for binary and four-category outcomes, respectively). The kappa value for interobserver agreement on rating the scans as normal or abnormal was good (0.65) for CT and moderate (0.59) for MRI. The raters did not agree on whether the scan appeared normal or abnormal for 22 CT examinations (26%) from 18 patients and 30 MRI examinations (30%) from 26 patients. These examinations were predominantly from patients with encephalitis of unknown cause or those with suspected encephalitis who had an alternative non-encephalitic diagnosis (9/18 persons [50%] CTs; 17/26 persons [65%] MRIs).
The overall kappa value for interobserver agreement on whether the examinations fitted one of four diagnostic groups was good (0.68) for CT and moderate (0.54) for MRI (Table 2) . Agreement for HSV encephalitis was very good for both CT (0.87) and MRI (0.82), but only fair for ADEM (0.32 for CT and 0.31 for MRI; Table 2 ; Figs 1 and 2). Kappa results were similar when examinations from patients who did not meet the case definition or were deemed non-encephalitis were excluded from the analyses (data not shown).
Interobserver agreement in reporting abnormalities in different areas of the brain using CT was highest for the temporal (0.80) and frontal (0.65) lobes; agreement was moderate to only slight agreement for other structures (Table 2) . Kappa values were generally higher for MRI than CT; however, interobserver agreement in reporting abnormalities in the parietal and occipital lobes and the cerebellum using MRI was still moderate, fair or slight. Kappa values for reporting structural abnormalities were higher using TW2 and FLAIR sequences than DWI. ICC for interobserver reliability was similar using ICC values ranging from 0.60 to 0.65 (data not shown).
Sensitivity, specificity, NPV and PPV
The overall sensitivity of imaging for HSV encephalitis was w80% for both CT and MRI (Table 3 ). There was little evidence that the sensitivity was lower in children than adults (p¼0.5). The overall sensitivity for ADEM was 0% for CT and 20% for MRI, with little evidence of a higher sensitivity in children than adults (p¼1.0). The specificity and NPV of CT and MRI for HSV and ADEM was >95% and >80%, respectively, for both children and adults. The PPV of CT and MRI for HSV was 100% for both age groups. The results were similar when scans from patients who did not meet the case definition or were deemed non-encephalitis were excluded from the analyses (data not shown).
CT sensitivity for HSV encephalitis increased with time from symptom onset: 0% (95% CI: 0e94) at Day 0e2, 80% (95% CI: 30e99) at Day 3e10, and 89% (95% CI: 51e99) after Day 10. MRI sensitivity for HSV encephalitis decreased after 10 days from symptom onset: 100% (95% CI: 5e100) at Day 0e2, 100% (95% CI: 31e100) at Day 3e10, and 75% (43e93) after Day 10 (Fig 3) . Three HSV encephalitis patients with serial MRI examinations had early images that were characteristic of HSV encephalitis. The median time to MRI in the >10-day group was 37.5 days (range 11e793 days). The same pattern was seen when days since hospital admission was used, and similar results were obtained when the outlier (time to MRI¼793 days) was excluded from the analyses (data not shown). CT and MRI specificity, NPV, and PPV for HSV was >90% irrespective of scan timing.
Almost 50% (33/68) of patients in this study had a CT carried out within 24 hours of hospital admission. Twelve patients had a MRI carried out within 24 hours of a CT. Of these, three (25%) initial CT examinations were abnormal. Four patients (two ADEM; one HSV; one non-encephalitis) who had a normal CT examinations had an abnormal MRI within 24 hours.
Descriptive features
The median time from hospital admission to first MRI was 6 days (range 0e791). There was no significant difference between TW2 and FLAIR sequences in the structural abnormalities seen (Table 4) . Detection of basal ganglia/thalamus abnormalities differed between TW2 and DWI (14% versus 2%; p¼0.03) and FLAIR and DWI (14% versus 2%; p¼0.03). All HSV encephalitis cases had frontal lobe changes on MRI (TW2 and FLAIR) and >90% had temporal lobe changes (Table 4) . Approximately one-third had basal ganglia/thalamic abnormalities. No HSV encephalitis cases had brainstem/cerebellar changes. Fewer structural abnormalities were seen in encephalitis cases of unknown aetiology (Table 4) . Frontal lobe abnormalities were most common (14% on TW2 and 17% on FLAIR); none had limbic changes.
HSV encephalitis cases were more likely than encephalitis of unknown cause to have abnormalities detected in the grey matter, white matter, frontal lobe, temporal lobe, and limbic structures for all sequences (p<0.001). For TW2 and FLAIR they were more likely to have basal ganglia/thalamic abnormalities (p¼0.01). There were no significant differences between the HSV encephalitis and unknown groups for TW2 and FLAIR regarding abnormalities in the parietal lobe, occipital lobe, brainstem, and cerebellum.
ADEM cases (n¼10) were more likely than HSV encephalitis to have abnormalities detected in the brainstem on TW2 (p¼0.01). Only one (8%) case of antibodyassociated encephalitis (n¼13) had limbic changes (TW2 and FLAIR). 
Discussion
The present study constitutes one of the largest studies of neuroimaging in encephalitis, leveraging one of the highest-quality case series, and provides novel data on interobserver agreement among neuroradiologists across a range of neuroimaging parameters.
Interobserver agreement
Agreement among raters when interpreting examinations as normal or abnormal was good for CT, but only moderate for MRI. Poor agreement was seen for examinations from patients with encephalitis of unknown cause or with suspected encephalitis, which ultimately had a nonencephalitic diagnosis. These groups likely consisted of mixed aetiologies (some known and others unknown), unfamiliar imaging patterns, and were perhaps more complex cases than those with known encephalitis aetiologies. Studies of interobserver agreement on neuroradiological investigations have reported varying kappa values. One investigating intracerebral haemorrhage detection on DWI reported excellent agreement between raters (0.84). 19 Another where CT examinations obtained within 24 hours of mild traumatic brain injury were rated by three neuroradiologists, reported good agreement on the presence of 
PPV of CT and MRI for ADEM and PPV of MRI for ADEM in adults only could not be calculated due to zero patients in these categories with a positive screening test (i.e., scan that looks like ADEM). ADEM, acute disseminated encephalomyelitis; 95% CI, 95% confidence interval; HSV, herpes simplex virus; N/A, not available; NPV, negative predictive value; PPV, positive predictive value.
structural injury, but poor agreement (0.3) with regard to the specific classification of injury. 20 
HSV encephalitis
The imaging abnormalities that most commonly occur in HSV encephalitis are well-described. 9 This was reflected in the high agreement between raters in classifying an image as "looking like HSV." The sensitivity of both CT and MRI for HSV encephalitis was high, especially for adults, confirming that appropriately timed examinations are a very useful adjunct to support the CSF-confirmed diagnosis. One case of HSV encephalitis in the present study had a normal CT, whereas the MRI carried out within 24 hours of it was abnormal. This, along with the observation that the sensitivity of early CT for HSV encephalitis was 0% while for early MRI it was 100%, confirms that MRI is preferable to CT to detect early changes. Within the 3e10 day period postsymptom onset, the 100% sensitivity of MRI in detecting HSV encephalitis changes supports its use as one of the criteria to exclude that diagnosis.
ADEM
Interobserver agreement for the radiological diagnosis of ADEM was poor. Correct image interpretation in clinical practice is heavily influenced by clinical presentation and progression, especially for ADEM. The lack of access of raters to any clinical details other than suspected encephalitis might account, in part, for the poor agreement. Alternatively, the poor agreement might be an artefact of the small sample size of ADEM cases. Most likely, however, is that despite having undergone two major revisions within 5 years, the diagnosis of ADEM in children and adults still relies on excluding imaging pathognomonic of other conditions, such as multiple sclerosis, rather than inclusion based on neuroimaging criteria for ADEM. 18, 21, 22 Imaging criteria should thus be developed and included in subsequent revisions. Similarly, the sensitivity of imaging for the diagnosis of ADEM was low in the present study: 20% overall for MRI (slightly higher in children). This is surprising considering the final diagnosis of ADEM in the PHE study was also based upon a clinicoradiological definition; however, in the PHE study, the expert panel, comprising a multidisciplinary team of experts spanning adult and paediatric specialties, reviewed and discussed the images together with the full clinical details before agreeing the diagnosis.
Structural abnormalities
The agreement amongst raters in detecting abnormalities in different structures of the brain was highest for the for HSV by timing of the scan from symptom onset. PPV in 0e2 day category could not be calculated due to zero patients in this timing category with a CT that looks like HSV (i.e. zero denominator). Table 4 Proportion of first scans with structural abnormalities from all-cause encephalitis and proportion of scans with structural abnormalities from HSV and unknown encephalitis patients. temporal and frontal lobes. This corresponds to the high agreement seen in diagnosing HSV encephalitis radiologically. There was better agreement amongst the neuroradiologists when using the TW2 and FLAIR sequences than DWI. The number of scans involving areas on DWI where agreement was poor (basal ganglia and brainstem) was small, so any variation in rating could affect agreement. Furthermore, the interpretation of smaller basal ganglia and brainstem lesions on DWI can be difficult, as it requires a correlation with the much noisier apparent diffusion coefficient image, thus increasing subjectivity, and may contribute to interobserver differences. As previously mentioned, the structural abnormalities evident in cases of HSV encephalitis in the present study confirm that these occur predominantly in the frontal and temporal lobes. There were few structural abnormalities seen in cases of unknown aetiology. Interestingly, no cases of unknown aetiology had limbic changes suggestive of an autoimmune aetiology; however, only 8% of the antibodyassociated encephalitis cases in the PHE study had limbic changes on MRI. Moreover, in a recent study of 164 Australian children presenting with encephalitis, patients with an identified autoimmune aetiology predominantly had non-specific white matter changes. 23 As such, limbic changes are likely to be more specific than sensitive in identifying an immune aetiology. Abnormalities were more likely to be detected on TW2 or FLAIR than on DWI. The present observations support those of a recent Indian study, which assessed the usefulness of various MRI sequences in the diagnosis of viral encephalitis. 24 Others studies have reported on the utility of DWI in the radiological diagnosis of HSV encephalitis and other central nervous system infections. 7, 25, 26 Approximately half of patients in this study underwent CT within 24 hours of hospital admission, which falls short of UK guidance 8 ; however, these guidelines were published in 2012, after the PHE study was performed. The UK has good hospital provision of CT and for suspected acute stroke, immediate CT is recommended and widely provided. 27 It is likely that the low level of CT performed in the present study has since improved as the use of CT has increased since the study was conducted.
Strengths and limitations
This is one of the largest studies to date of imaging in encephalitis and the first to assess interobserver agreement. Scans were not obtainable for all patients in the main PHE study as this was practically impossible in some hospitals; however, the aetiological, age, and gender breakdown of patients for whom images were available was similar to that of the main PHE study cohort indicating representativeness of this population. Despite being one of the largest studies to date, one limitation was the small sample size, especially when analyses were broken down by aetiology. Secondly, for some of the conditions assessed there is no non-invasive reference standard diagnostic test, making it hard to estimate accurate imaging diagnostic sensitivity and specificity. Thirdly, it should be noted that the PPV in particular is so high because the study population comprised patients suspected of having encephalitis, and the prevalence of true disease is high. The PPV might be very different applying the same criteria to scanning different populations of patients with a different prevalence of encephalitis. Finally, depriving neuroradiologists of clinical information, which intended to make the study more objective, sacrificed the real-life clinical setting where images are interpreted in the context of this information.
In conclusion, the present study demonstrates that there is a subjective component to scan interpretation, which can have important implications for the clinical management of encephalitis cases. The agreement between raters was good for CT but only moderate for MRI. Agreement varied with diagnosis; for blinded reading radiologists were good at diagnosing HSV; however, agreement was worse for ADEM and other alternative aetiologies. The study showed that imaging data are affected by imaging timing and technique, and there was poor agreement on some regional abnormalities. The findings of the present study support the current UK guidance dismissing the diagnosis of HSV encephalitis when the MRI is normal 72 hours after neurological symptom onset with appropriate negative CSF tests. There was no evidence that DWI is better at early detection than TW2 or FLAIR in HSV encephalitis. Further research is needed to better define common radiological abnormalities in order to define diagnostic criteria for other encephalitis diagnoses besides HSV encephalitis.
